Abstract-In this letter, a practical fabrication of a novel inhomogeneous gradient-index dielectric flat lens for millimeter-wave applications is presented. A previous theoretical design of a dielectric flat lens composed of different permittivity materials is now modeled and analyzed for a practical prototype fabrication and performance evaluation at 60 and 77 GHz. The measurement results at 60 GHz show that with the novel gradient-index dielectric flat lens antenna prototype, we can achieve up to 18.3 dB of broadside gain, beam-steering capabilities in both planes from to with around 15 dB of gain, and up to with around 14 dB of gain, with low sidelobe levels. At 77 GHz, the performance evaluation shows that we can obtain up to 18.9 dB of broadside gain, beam-steering capabilities in both planes from to with around 17 dB of gain and low sidelobe levels, and up to with around 15 dB of gain. This novel design leads to a low-cost, low-profile, and lightweight antenna solution, easy to integrate in a compact millimeter-wave wireless communication system. Index Terms-Automotive radar applications, beam-steering, flat lens antenna, millimeter-wave, switched-beam array, wireless personal area network (WPAN).
I. INTRODUCTION

I
N RECENT years, the scientific community and the industry have focused their attention on different frequency bands that could satisfy the increasing bandwidth requirements of modern communication systems. Given the large amount of available bandwidth, the millimeter-wave frequency band represents one of the most interesting candidates. However, in accordance with the Friis transmission formula, the path loss in free-space propagation is much higher at millimeter-wave frequencies than at lower microwave frequencies (e.g., the path loss at 60 GHz is 28 dB higher than at 2.45 GHz). In consequence, millimeter-wave systems introduce a set of particular severe requirements from the antenna point of view. Therefore, high directive antennas are required to overcome the aforementioned extra path loss. Moreover, each particular application introduces additional requirements. For example, in very high-throughput 60-GHz band (from 57 to 64 GHz in the US) [1] wireless personal area networks (WPANs), beamsteering antennas are needed to deal with the high user random mobility and human-body shadowing characteristic of indoor environments [2] . Similarly, beam-steering capabilities are also needed in automotive radar applications at 77 GHz [3] since the determination of the exact position of an object is essential for most of the functions performed by the radar sensor. Finally, the antennas must be small, low-profile, lightweight, and low-cost in order to be successfully integrated in a commercial wireless system.
Many types of antenna structures are considered for short-range 60-GHz WPAN applications [2] , and for automotive radar applications at 77 GHz [3] , most of them are based on the expensive, complex, and bulky phased-array antenna concept. Switched-beam arrays provide an interesting alternative because they have multiple fixed beams that can be easily selected individually, and the implementation is much easier than phased-array antennas. For these reasons, in [4] we proposed a design based on a switched-beam array antenna concept with a theoretical design of an inhomogeneous dielectric flat lens modeled with different materials to steer and enhance the radiation in a particular direction. In this antenna concept, only one element of the array is selected for each operation mode. The focusing direction depends on the position of the single element, which is selected and activated [4] . In this sense, different types of inhomogeneous (multimaterial or gradient-index) lenses have been proposed in the literature [5] - [10] . Fresnel zone plate lenses [5] are widely used to correct the phase of the feed antenna. However, this correction is performed only at discrete locations, leading to an inherently narrowband behavior. Luneburg lenses [6] - [9] are an interesting alternative of spherical or hemispherical gradient-index lenses because of their very good performance. However, their planar implementations allow beam scanning in only one plane.
In this letter, we present the practical fabrication and performance evaluation of a novel inhomogeneous gradient-index dielectric flat lens antenna for millimeter-wave applications based on the concept of our previous theoretical work [4] . Its performance is evaluated at 60 and 77 GHz. The proposed antenna solution is very attractive because it represents an innovative alternative to the existing antenna configurations at millimeter-wave frequencies to achieve beam scanning in both 1536-1225 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I PERFORATED DIELECTRIC FLAT LENS CHARACTERISTIC PARAMETERS
planes while keeping at the same time a flat antenna profile, much thinner than conventional existing shaped lenses, with broadband operation.
II. LENS DESIGN AND SIMULATION RESULTS
The dielectric flat lens operating principle is shown in Fig. 1 , and the first stage of the design procedure is described in [4] . The theoretical lens design introduced in [4] consists of a set of six concentric rings of different permittivity ( ) materials, in order to produce the desired phase delays required to obtain a plane wave behind the lens, when the lens is illuminated from its central focus position. In the same way, when the feeding position is moved along -direction (see Fig. 1 ), the different permittivity values of the lens produce a linear phase slope that steers the beam accordingly [4] .
A. Practical Dielectric Flat Gradient-Index Lens Design
Alternative methods should be investigated because of the difficulty of fabricating lenses through the fusion of different permittivity materials. For example, the relative permittivity of a dielectric substrate material can be reduced by perforating a single layer of substrate [5] , [6] . If the diameter of holes ( ) and the distance between holes ( ) are kept small compared to the wavelength of operation, the substrate will appear to have a uniform effective permittivity. Therefore, we modeled, analyzed, and optimized the theoretical lens in order to design and fabricate a prototype from a single layer of perforated dielectric material. The final diameter of the lens was reduced to ( ), with a focal length of and a thickness of 7 mm ( ). Moreover, we optimized the design to lower the effective permittivity values required to avoid the considerable reflections that could occur between the radiating elements and the lens (due to the change of media). Then, the maximum permittivity value on the lens (center of the lens) is , decreasing continuously and smoothly to on the edges, creating the desired permittivity profile (see Fig. 1 ). Consequently, we selected a Rogers TMM6 dielectric substrate with 7 mm of thickness in order to fabricate the lens prototype. The different perforated dielectric flat lens characteristic parameters are summarized in Table I . The filling factor ( ) is the fraction of area (or volume) of substrate material removed by the perforations to smoothly lower the permittivity from 6 to 2.25, depending on the diameter ( ) and distance ( ).
B. Simulation Results
The perforated dielectric flat lens design has been simulated at 60 and 77 GHz using CST Microwave Studio with a time-domain solver in order to test its focusing capabilities [7] , [10] . For each frequency, a total of nine different simulations have been performed corresponding to different discrete positions of a radiating element (which could correspond to the positions of the antenna element in a switched-beam array) along the -direction, going from mm to mm in steps of 2 mm (see Figs. 2 and 3) . The radiating element used consists of a rectangular aperture (WR-15 waveguide for the 60-GHz setup and WR-10 waveguide for 77 GHz) with the E-field polarized in -direction, which provides an efficient illumination of the lens with 14.8 dB edge taper in the H-plane. Then, for each position of the waveguide, the corresponding H-plane radiation patterns are plotted at 60 GHz in Fig. 2 , and at 77 GHz in Fig. 3 .
III. FABRICATION PROCESS
A prototype of the designed perforated dielectric flat lens has been fabricated at Universitat Politècnica de Catalunya (UPC)-AntennaLab facilities, Barcelona, Spain, using a computer numerical control (CNC) machine. We performed a total of around 1200 holes on the TMM6 substrate with carbide drills of 0.2 and 0.5 mm of diameter to obtain the final lens prototype. A photograph of the lens is shown in Fig. 4 .
IV. MEASUREMENT RESULTS
A complete set of measurements of the lens performance has been carried out at 60 GHz in the High Frequency Electronics Laboratory of the University of California, Irvine (UCI), CA, USA, and at 77 GHz in the AntennaLab facilities of UPC. The radiation pattern produced by the lens has been measured at 60 GHz directly in the far field using the measurement system of UCI. Since the highest frequency of the far-field measurement setup of UCI is 64 GHz, the E-field radiated by the lens has been measured at 77 GHz in the near field at the AntennaLab facilities. Then, the far-field radiation pattern has been obtained at 77 GHz by using a near-field-to-far-field transformation [11] .
A. Measurement Results at 60 GHz
A total of nine measurements have been performed corresponding to different feeding positions of the transmitting WR-15 waveguide along the -direction (from mm to mm) in steps of 2 mm. The WR-15 waveguide used during the measurements is well matched ( dB) for all the Rho feeding positions in the whole frequency band of interest. The corresponding H-plane radiation pattern results are shown in Fig. 5(a) -(e). Given the lens structure, symmetric patterns are obtained for the corresponding symmetric feed positions with respect to the lens center, and therefore are not shown. As it is observed in Fig. 5(a) -(e), as the Rho feeding position is moved rightwards, the high-gain radiation pattern produced by the dielectric flat lens is steered leftwards, accordingly. In general, good agreement between radiation pattern simulation results and measurements at 60 GHz is observed.
In order to obtain the gain radiation pattern, we substitute the antenna under test (dielectric flat lens and the feeding WR-15 waveguide) for a well-known gain conical horn antenna (used as reference) to perform a received power level comparison. The complete set of gain radiation patterns for the nine different Rho feeding positions is shown in Fig. 6 . As it is observed, the measured gain values are very close to the simulation results (see Fig. 2 ). In addition, very good gain stability within the 60-GHz WPAN band (from 57 to 64 GHz) is observed from the measured bandwidth performance in Fig. 7 . The measured radiation pattern parameters at 60 GHz [maximum gain for each beam, scan angles ( ), half-power beamwidth ( dB ), and sidelobe level (SLL)] are summarized in Table II . 
B. Measurement Results at 77 GHz
The 2-D near-field measurement setup is shown in Fig. 8 . It is composed of an Agilent N5247A vector network analyzer (VNA), two VNA extenders at W-band (one transmitter and one receiver), two precision linear stages to perform the 2-D scan ( -movements), and two well-matched WR-10 open waveguides (one to feed the lens and one as a probe). RF absorbers are also used to avoid reflections between the instrumentation. The flat lens prototype is placed between the WR-10 waveguides. The transmitting WR-10 feeds the lens at its focal point ( mm), and the receiving WR-10 is placed at 40 mm behind the lens to perform the 2-D near-field measurement with the help of the two stages (see Fig. 8 ).
A total of nine measurements have also been performed corresponding to different feeding positions of the transmitting WR-10 along the -direction. The corresponding H-plane radiation pattern results have been obtained. In addition, gain measurements have also been performed at 77 GHz; we also substitute the antenna under test for a well-known gain conical horn antenna to perform a received power level comparison, after the near-field-to-far-field transformation of the measurements [11] . The complete set of gain radiation patterns for the nine different Rho feeding positions is shown in Fig. 9 , and the radiation pattern parameters at 77 GHz are also summarized in Table II . In the last case ( mm), the SLL is not much lower because of the diffraction on the lens edges, and it could be considered not acceptable. Moreover, because we are using an open-ended waveguide to illuminate the lens, there can be spurious radiations, which affect the SLL and the maximum achievable gain. In this sense, an optimum radiating element has to be designed for an optimum lens illumination for high steering angles. As at 60 GHz, good agreement between radiation pattern simulation results and measurements is also observed at 77 GHz (see Figs. 3 and 9 ). Note that we cannot obtain the directivity (or the efficiency) of the dielectric flat lens antenna with our 2-D near-field measurement setup since there is a part of back radiation, due to the reflections on the lens, that cannot be measured. Therefore, we estimated the loss efficiency using the gain measurements and CST simulation results of the directivity, obtaining very good values between 70% and 80% at both frequency bands as a low-loss substrate is used.
V. CONCLUSION
In this letter, we have presented a novel inhomogeneous gradient-index dielectric flat lens antenna for millimeter-wave applications. Its performance has been evaluated at 60 and 77 GHz. Measurements at both frequencies indicate that we can achieve beam-steering capabilities in both planes from to with around 17 dB of gain and low sidelobe levels, and up to with around 15 dB of gain. It has been practically demonstrated that this design could be used to develop a complete switched-beam array for millimeter-wave systems, including high-throughput communications at 60 GHz for WPAN applications and automotive radar systems at 77 GHz, due to its high-gain and beam-steering capabilities. The proposed antenna solution represents an interesting alternative to the existing antenna configurations at millimeter-wave frequencies above 60 GHz to achieve beam scanning in both planes, broadband operation, and flat antenna profile.
